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ABSTRACT 
Title: The Effect of Preozonation on the Anaerobic Biodegradability of 
Resistant Phenolic Compounds 
Ozone pretreatment studies of four model phenolic compounds were 
conducted to evaluate the effects of ozonation on the anaerobic 
biodegradability and toxicity of these compounds. Two types of batch 
studies, the Biochemical Methane Potential (BMP) and the Anaerobic Toxicity 
Assay (ATA), were performed on samples ozonated upon phenol, o-cresol, 2,5-
dichlorophenol, and 2,4-dinitrophenol. 
Experimental results showed that toxic and refractory phenolic 
compounds were converted to methane gas by means of preozonation In 
general, the biodegradable fraction of the oxidation products increased as 
the ozone dose was increased. However, ozonation to achieve at least 60% 
COD reduction was necessary to faciliate methane production. Ozonation 
reduced the toxicity of 2,5-DCP and 2,4-DNP on both acetate utilization and 
phenol degradation. The early ozonation products of o-cresol and phenol, 
however, were more toxic than the initial compounds. The rates of COD and 
DOC reduction through ozonation were faster and products formed were less 
inhibitory in the basic pH range than in the acid pH range. 
Descriptors: 
Identifiers: 
Biodegradation, Anaerobic Digestion, Phenols 
Ozonation, Methane, Toxicity 
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I. INTRODUCTION 
a.._ Objective 
The overall objective of this study was to investigate the effects of 
preozonation on the anaerobic biodegradability of a group of resistant 
phenolic compounds. Two types of batch studies, the Biochemical Methane 
Potential (BMP) and the Anaerobic Toxicity Assay (ATA), were conducted on 
ozonated and unozonated samples of phenol, o-cresol, 2,5-dichlorophenol, and 
2,4-dinitrophenol to evaluate the effects of preozonation on the 
biodegradability and toxicity of these compounds under methanogenic 
conditions. A phenol-enriched methanogenic culture was used as the 
inoculum for the batch studies. This culture was developed with a 
continuous flow 14-L fermenter operated continuously on a synthetic feed 
containing phenols. 
!\..,_ Background 
Phenolic compounds represent the major constituents present in a wide 
spectrum of industrial wastewaters such as coal gasfication, coal 
liquifac.tion, coke preparation, pertoleum refineries, pulp and paper, and 
photoprocessing (41). Discharges of these compounds in the aqueous 
environments can cause adverse effects on health. Phenol and some of its 
derivatives are either toxic or lethal to fish at concentrations of 5 to 25 
mg/1 (6). The presence of phenol at a concentration of only O. 002 mg/1 
imparts an objectionable taste and odor to drinking water supplies when 
combined with chlorine (23). 
The most commonly used methodologies for the treatment of phenol-
1 
bearing wastewaters include chemical oxidation and aerobic and anaerobic 
biological degradation. Chemical oxidation, especially ozonation, and 
aerobic biological processes have been demonstrated to be an effective means 
for destroying phenolic compounds (3, 9, 12, 15, 31, 36, 39, 45). Ozonation 
to achieve substantial reduction in COD (chemical oxygen demand) or DOC 
( dissolved organic carbon) , however, would be exceedingly costly and time 
consuming. Aerobic biological treatment, whereas, requires sizable energy 
expenditures in oxygen transfer and sludge handling. The anaerobic 
biological method, on the other hand, offers the advantages of no oxygen 
requirement, low waste biomass production, and the generation of a valuable 
by-product in the form of methane gas. 
The effectiveness of anaerobic biological processes in the treatment of 
wastewaters depends on biodegradability of the waste constituents. The 
anaerobic fate of many phenolic compounds under methanogenic conditions has 
only recently been elucidated although Chmielewski and Wasilewski (7) showed 
that phenol could be degradaded to methane more than 20 years ago. 
Recently, the anaerobic degradation of catechol (17), several substituted 
phenols ·(4, 11, 43, 44) and chlorinated phenols (5) to methane and carbon 
dioxide have been reported. Although the previous work indicates that a 
range of phenolic compounds are biodegradable to methane. Most of these 
materials are inhibitory and/or toxic to microorganisms. Biodegradation of 
these compounds generally requires a prolonged period of acclimation of the 
bacterial cultures. Table 1 summarizes the type of phenolic compounds 
metabolized by methanogenic cultures. 
Chemical oxidation assisted anaerobic biological treatment may prove to 
2 
Table 1. Summary of Phenolic Compounds Biodegraded under Methanogenic 
Conditions 
Compound 
Catechol 
o-Chlorophenol 
m-Chlorophenol 
p-Chlorophenol 
2,4-Dichlorophenol 
3,4-Dichlorophenol 
3,5-Dichlorophenol 
m-Cresol 
p-Cresol 
Hydroquinone 
o-Methoxyphenol 
m-Methoxyphenol 
p-Methoxyphenol 
o-Nitrophenol 
m-Nitrophenol 
p-Nitrophenol 
Resorcinol 
3 
Reference 
17,19,37 
4 
4 
4 
4 
4 
4 
4,11,42 
7,11,37,42 
46 
4 
4 
4 
4 
4 
4 
7,19 
be an effective alternative for the treatment of refractory and toxic 
phenolic compounds. Ozone is a powerful oxidant and has been used as a 
disinfectant in water and wastewater treatment processes. Ozone is 
especially effective in oxidizing phenols. Considerable work has been 
carried out on the oxidization of phenol by ozone. Rice and Browning (35) 
reviewed the reactions occurred and products formed during ozonation of 
phenols and concluded that: 
1. Ozonation of phenol in aqueous solution proceeds rapidly. 
2. Under-ozonation of phenol produces aromatic oxidation products 
such as catechol, resorcinol, hydroquinone, o-quinone, and p-
quinone. 
3. Sufficient-ozonation of phenol produces aliphatic oxidation 
products such as muconic acid, fumaric acid, oxalic acid, formic 
acid, maleic acid, tartaric acid, glyoxylic acid, and glyoxal. 
4. Cresols and xylenols are oxidized faster than phenol and that the 
initial oxidation products contain aromatic ring. Continued 
ozonation ruptures the aromatic ring and form maleic, mesotartaric, 
acetic, propionic, glycolic, glyoxylic, and oxalic acids. 
5. Chlorinated phenols react slower with ozone, producing chloride ion 
and non-chlorinated aliphatic oxidation products after ring 
rupture. 
Miller et al.(29) summaried the known reactions of phenols with ozone 
and the organic oxidation products formed (Figure 1). 
Ozonation of organic compounds in water usually produces aerobically 
biodegradable products if sufficient doses of ozone are applied. Previous 
4 
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work showed that ozonation enhanced the aerobic biodegradability of 
phenolic-containing wastewaters (10), oil shale waste organic solutes (21), 
wastewater treatment plant effluent (30), 1,2-dichloropropane and 2,4-
dinitrophenol (28), alkybenzene sulfonate (ABS), DDT, and phenol (18), 
toluene diisocyanate, ethylene glycol, and ethylene dichloride (46), humic 
acids (13, 22, 24), and aniline, cresol, and benzene sulfonic acid (34). 
The improvement in biodegradability, however, varied considerably depending 
on the particular source ozonated. Recently, Gilbert (14) investigated the 
aerobic biodegradability of the ozonation products of 28 aromatic compounds 
and concluded that the oxidation products were well biodegradable after 50-
70% COD (chemical oxygen demand) reduction and 30-40% DOC (dissolved organic 
carbon) reduction were achieved by ozonation. 
Although anaerobic biological treatment is an important methodology for 
pollution control, the anaerobic biodegradability of ozonation products of 
organic compounds has not been previously reported. In this study, the 
effects of preozonation on the anaerobic biodegradability and toxicity of a 
group of model phenolic compounds were investigated. 
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II. RESEARCH PROCEDURES 
A.,_ Phenolic Compounds 
Four phenolic compounds, including phenol, o-cresol, 2,5-dichlorophenol 
(DCP), and 2,4-dinitrophenol (DNP) were used as the model compounds. These 
compounds were selected because they are refractory and/or inhibitory under 
methanogenic conditions (4, 5, 11, 43, 44). In addition, phenol was used as 
the biodegradable compound in each biodegradability test to ensure viability 
of the culture inoculum . 
.!L. Chemical Oxidant 
Ozone was used as the chemical oxidant in this study. Ozone is one of 
the most powerful oxidants known. It has been used with great success as a 
disinfectant for drinking water treatment in Europe and to a smaller extent, 
in the United States. Ozone is also known to be capable of oxidizing most 
organic compounds to simpler and more easily biodegradable compounds in the 
presence of oxygen (13, 14, 18, 22, 24, 28, 34, 46). Ozone is shown to be 
especially effective in the destruction of phenolic compounds (35). 
J;;... Phen·ol-enriched Methanogenic Culture 
A phenol-enriched methanogenic culture was developed using a continuous 
flow 14-L fermentor (Model MF-114, New Brunswick Scientific Co., Edison, NJ) 
operated at a 30-day hydraulic retention time. This fermentor was operated 
on a synthetic feed containing 4000 mg/L phenol and 5 mg/L of each of the 
following phenolic compounds: o-cresol, m-cresol, p-cresol, 2-ethylphenol, 
3-ethylphenol, 4-ethylphenol, catechol, resorcinol, hydroquinone, salicylic 
acid, m-hydroxybenzoic acid, and p-hydroxybenzoic acid. This solution was 
7 
supplemented with a salt and vitamin nutrient solution having the actual 
feed composition and concentration indicated in Table 2. The fermentor was 
operated at a temperature of 35°c, and a pH of 7 was maintained using sodium 
bicarbonate. This culture was used as the inoculum for anaerobic 
biodegradability and toxicity tests of ozonated samples of model phenolic 
compounds . 
.!L. Ozonation Apparatus 
Figure 2 illustrates the schematic diagram of the ozonation system used 
in this study. The ozonation reactor was covered by aluminum foils and 
consisted of a 500 mL gas-washing bottle (6 cm OD x 24 cm) fitted with a 
ground glass joint. A coarse sintered glass dispersion tube delivered ozone 
to the bottom of the reactor. A magnetic stirrer was used to improve ozone 
transfer efficiency to the solution. Ozone was generated from pure oxygen 
using a Welsbach Model T-816 Ozonator. The ozonator was operated at an 
oxygen pressure of 8 psi and a voltage of 110 volts. A drying column 
composed of calcium chloride was placed to completely dry the oxygen before 
it entered the ozonator. The ozone and sample flowrates were set at 1. 6 
L/min and 0.2 L/min, respectively. The exit gas from the reactor passed 
through a wet test meter to determine the gas volume fed into the reactor. 
To determine the ozone concentration of the inlet gas into the reactor, the 
gas flow was passed through two KI containing (5% solution) 500-mL gas 
washing bottle connected in series. 
I... Ozonation .Q.f Phenolic Compounds 
Ozonation of each of the four phenolic compounds was carried out at 
various initial pH values and a range of initial concentrations as 
8 
Table 2. Composition of Feed Salt and Vitamin 
Compound Concentration (mg/L) 
FeC13 
MnCl2.2H20 
ZnC12 
CuC12 .2H20 
C0Cl2.6H20 
Na2B4o7 .lOH2o 
Na3 .Citrate 
(NH4 )6Mo7o27 .4H2o 
KH2Po4 
NaH2Po4 .H20 
(NH4)2S04 
NH4Cl 
CaC12 .2H2o 
MgCl2.6H20 
NiCl2.6H20 
Biotin 
Folic acid 
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summarized in Table 3. Except pH 9, the pH values were not controlled 
during ozonation. For pH 9, the phenolic solutions were buffered with 0.02 
M boric acid and 0.02 M sodium borate. Phenolic solutions were prepared by 
adding predetermined amount or volumes of phenolic compounds to a proper 
volume of distilled and deionized water. Ozonated samples were obtained on 
a batch mode by introducting ozone to the reactor charged with 200-mL 
volume of a phenolic solution for a reaction time varied from 1 to 300 min . 
.E..,. Procedures !21: Batch Testing 
a. BMP (Biochemical Methane Potential) Test: A modified technique of 
Owen et al. (32) for conducting the anaerobic biodegradability test was 
employed in this study. These tests were conducted by placing in a 125-mL 
serum bottle of a microbial inoculum and an ozonated sample under strictly 
anaerobic conditions. The microbial inoculum was obtained directly from the 
continuous flow 14-L fermentor. The volume of an ozonated sample placed in 
each test bottle was either 50 mL or 80 mL as indicated in Table 3. The 
total volume of the liquid including the ozonated sample and the seed 
inoculum in each test bottle was 100 mL. Before being transferred to serum 
bottles, ozonated samples were purged with nitrogen gas for 15 min to remove 
dissolved oxygen. 
b. Anaerobic Transfer: The anaerobic transfer of the pretreated, 
ozonated samples to the serum bottles is depicted in Figure 3. Serum 
bottles, gas tubing, and transfer glassware were initially gased with a 
mixture of 30% co2 and 70% N2 . Oxygen in the gas mixture was removed by 
passing the mixture through a heated (450°C) silica glass tube filled with 
light copper turnings. Serum bottles of 125-ml volume were gased at a flow 
11 
Table 3. Summary of Experimental Design 
Ozonation Biodegradation Test 
Compound Initial Concentration Initial pH Test Run Sample Size 
Ozonated Run No. (mg/L) (mL) 
Phenol 1 200 7 BMP 50 
2 600 7 BMP 50 
3 600 3 ATA 50 
4 600 9 ATA 50 
5 1000 7 BMP 50 
0-Cresol 6 200 7 BMP 50 
7 600 3 BMP 50 
8 600 7 BMP 50 
9 600 9 BMP 50 
10 600 3 ATA 50 
11 600 9 ATA 50 
12 1000 7 BMP 50 
2,5-DCP 13 100 6.78 BMP 80 
14 600 3 BMP 50 
15 600 9 BMP 50 
16 600 3 ATA 50 
17 600 9 ATA 50 
2,4-DNP 18 100 3.55 BMP 80 
19 100 3 ATA 50 
20 100 9 ATA 50 
12 
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13 
rate of approximately O. 5 L/min for 10 min with the same gas mixture 
prior to introduction of the ozonated samples. The samples were 
anaerobically pipetted by opening the serum bottles and gased at 0.5 L/min 
with 30: 70 volume ratio of co2 : N2 . After a certain volume (Table 3) of 
the ozonated sample was transfered to the respecitve serum bottles, enough 
inoculum was added to bring the total liquid volume of each bottle to 100 
mL. Resazurin was used as an indicator of reduced conditions. Sodium 
sulfide and L-cysteine hydrochloride were added to provide a reducing 
environment. The ozonated samples were buffered at pH 7 .0 with sodium 
bicarbonate in solution and with a 30% co2 and 70% N2 gas mixture in the 
gaseous atmosphere. The serum bottles were then sealed with butyl rubber 
stoppers while simultaneously removing the gas flushing needle. Bottles 
were then shaken at 35°C. After equilibration for 30 min at the incubation 
temperature, gas volumes were zeroed to ambient pressure with a syringe and 
the bottles were ready for incubation and sampling. Duplicates were run for 
all samples including the seed-blanks, to which no sample was added, and the 
controls, to which only 200 mg of phenol per liter was added. 
c. ATA (Anaerobic Toxicity Assay) Test: The ATA tests were conducted 
to evaluate the anaerobic toxicity of the ozonated samples of model phenolic 
compounds. Assay bottles were prepared using a modified procedure of Owen 
et al. (32) which was similar to the BMP assay with ozonated samples, seed 
inocula, and reducing agents. In addition, a spike containing phenol (200 
mg/L) or acetic acid (200 or 500 mg/L) was added to each bottle. Phenol and 
acetic acid were selected as the substrates for the ATA tests. They were 
selected because the degradation of phenol to methane represents a multiple 
14 
step conversion while acetic acid is the major precursor of methane in the 
anaerobic degradation of organic matter (27). 
samples, including the seed-blanks, which 
Duplicates were run for all 
contained only the fermentor 
cultures and the reducing agents, and the controls, which received only 
phenol (200 mg/L) or acetate ( 200 or 500 mg/L) as the substrate. 
lL.. Analytical Methods 
a. Analysis of Ozone: The ozone concentration of the inlet gas into 
the ozonation reactor was determined by passing the gas flow from 
the ozonator through two KI traps for two min. To insure all the 
ozone in the gas stream was adsorbed, two KI traps, each contained 
400 mL of 5% KI solution, were placed in series. Ozone reacts with 
iodide ion to form free iodine according to the following reaction: 
(1) 
After reaction for two min, the KI solution was transferred to a 1-L 
beaker and acidified with 20 mL of lN H2so4 solution to convert 
iodates to iodine. The solution was then titrated with O. 05 M ( 
first stage KI trap) or 0.005 M (second stage KI trap) Na2s2o3 
titrant until yellow color of liberated iodine almost was 
discharged. Sodium thiosulfate reacts with iodine according to the 
following: 
(2) 
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Starch indicator solution of 4 mL was then added and titration was 
continued carefully but rapidly to the end point, at which the blue 
color just disappeared. 
the following expression: 
Ozone concentration was calculated using 
(mL titrant used) (Molarity of Na2s203) (2400) 
mL sample 
(3) 
The procedures of preparing of the starch indicator solution and 
standardizing the sodium thiosulfate titrant were outlined in 
sections 422 and 408 A of Standard Methods (42). 
b. Gas analysis: Gas samples were withdrawn from test bottles with 
syringes at proper intervals and analyzed for methane, carbon 
dioxide, nitrogen, and oxygen using a Fisher Model 1200 gas 
partitioner. Helium was used as the carrier gas while certified 
calibration standards was used to calibrate the gas analyzer. The 
helium gas flow rate was set at 30 mL/min. Two columns were 
installed in the gas partitioner; a 6.5-foot long by 1/8-inch 
diameter column packed with 80/100 mesh columnpak PQ was placed in 
the column l position, and an 11-foot long by 3/16-inch diameter 
column packed with 60/80 mesh molecular sieve 13X was placed in the 
column 2 position. The column temperature was maintained at so0 c. 
Gas production was measured by displacement of the plunger in an 
appropriate size wetted glass syringe. 
c. pH Measurement: The pH of the liquid samples were measured using a 
16 
Fisher Accumet Model 815 MP pH meter. 
d. Dissolved Organic Carbon (DOC) Analysis: The dissolved organic 
carbon was analyzed using a Dohrman Model DC-80 carbon analyzer 
(Environtech/Dohrman, Santa Clara, CA). All samples were filtered 
through 0.45 µ.m membrane filters, acidified to pH 2 with phosphoric 
acid, and purged with nitrogen gas for ten minutes to remove 
dissolved carbon dioxide prior to analysis. 
e. Chemical Oxygen Demand (COD) Determination: Chemical oxygen demand 
was determined by the dichromate reflux method as described in 
Section 508 of Standard Methods (42). 
f. Aromatic Compounds Determination: Phenolic compounds and aromatic 
ozonation products were analyzed by a Varian Model 5020 liquid 
chromatograph consisting of three microprocessor-controlled pumps 
and a model UV-100 variable wavelength UV dector. Detection 
wavelength was set between 270 and 310 nm corresponding to the 
absorbance maximum of the compound. Compounds were analyzed by 
using a MicroPak MCH-5 c18 reverse phase column at ambient 
temperature. The mobile phase consisted of water and acetonitrile 
with a flow rate of 1 mL/min. The sample injection valve (Rheodyne 
7125) was fitted with a 10-uL loop. All samples were filtered 
through O .45 ).1lll membrance filters prior to injection. Table 4 
summarizes the operating conditions of the liquid chromatograph for 
each compound. 
g. Analysis for Organic Acids: Except glyoxylic acid, all other 
organic acids formed by ozonation of phenols were measured by a 
17 
Table 4. Summary of Operating Parameters of Liquid Chromatograph 
Mobile phase 
Compound Wavelength, nm 
Water, I Acetonitrile, % 
Phenol 60 40 280 
Catechol 60 40 280 
Hydroquinol 60 40 280 
o-Cresol 60 40 280 
Salicylic acid 55* 45 305 
2,5-DCP 30 70 280 
2,4-DNP 30 70 280 
* pH adjusted to 2.05 
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modified procedure of Salanitro and Muirhead (37) in which the 
samples were subjected to a butyl-esterification process. A 
standard mixture containing 600 mg each of the following acids per 
liter was prepared in distilled, deionized water, and the pH was 
adjusted to 9 to 10 with 10 N NaOH: formic, acetic, propionic, and 
oxalic acids. This standard was diluted to obtained additional 
samples containing 400, 200, 100, 50, and 25 mg/L. The pH of these 
diluted samples was also adjusted to 9-10 with 10 N NaOH. Samples 
(5 mL} of these fatty acid mixtures and ozonated solutions of a 
phenolic compound were placed in 25 mL screw cap septum vials, 
frozen in an alcohol-dry ice bath, and dried overnight on the shelf 
unit of a continuous freeze dryer (VirTis Model 6201-6230 
Freezemobile 6). One drop of concentrated HCl, 5 mL of n-hexane, 
and 4 mL of BF3/n-butanol were added to the dry salts per 100 mg 
fatty acid. The vials were then tightly capped and the mixture was 
heated at 60°c in a temperature bath for 20 min. After cooled to 
room temperature, the mixture was transferred to a 60-mL separatory 
funnel containing a saturated NaCl solution. The hexane layer was 
washed twice with NaCl and then dried with anhydrous sodium sulfate. 
One microliter of sample was injected and analyzed by a Varian Model 
3400 gas chromatograph with a 50m x 25 mm SPB-1 fused silica 
capillary column and a FID detector. Helium was the carrier gas and 
a split ratio of 89:l was used. Oven temperature was increased from 
50°c to 170°c at 12°C/min, then 20°C/min to 230°C. The detector and 
the injector temperature were both set at 250°c. Glyoxylic acid was 
19 
analyzed by measuring spectrometrically the ionized species of 
glyoxylic dinitrophenylhydrazine at 513 nm using a Beckman Model 24 
spectrophotometer (15). 
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III. RESULTS AND DISCUSSION 
!\... Ozonation of Phenolic Compounds 
Table 5 lists the performance of the ozonator during this study. The 
mass rate of ozone fed to the ozonation reactor averaged 0.23 mmole/min at 
an average flow rate of O .177 L/min. Four phenolic compounds including 
phenol, o-cresol, 2,5-DCP, and 2,4-DNP were ozonated at various initial 
concentrations and pH values as shown in Table 3. Prior to the BMP and ATA 
tests, the behavior of ozonation products under continued applicatipn of 
ozone were investigated. 
a. Phenol: Ozonation of phenol was conducted with three initial 
concentrations at three initial pH values. Phenol at 1000 mg/L was 
ozonated for 1, 3, 5, 10, 20, 30, 40, 60, 90, 120, 180, 240, and 300 
min. For 200 and 600 mg/L phenol, ozonation times ranged from l to 
180 and l to 240 min, respectively. Figures 4-8 show the profiles of 
COD, DOC, phenol, and reaction products during ozonation of 200, 600, 
and 1000 mg/L phenol at pH 7. The pH values of these solutions were 
all adjusted to 7.0 prior to ozonation. The pH, however, dropped from 
7. 0 to between 3. 9 -4. 2 after only l min ozonation as the solutions 
were not buffered. At the end of the ozonation, pH values of 2.3-2.9 
were measured (Table Al). Therefore, ozonation of phenol was 
virtually conducted in the acid pH range and the removal mechanism of 
phenol was the direct attack of ozone since ozone was very stable in 
this pH range (15). Complete removal of 200, 600, and 1000 mg/L of 
phenol were achieved in about 20, 60, and 90 min, respectively. 
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Table 5. Summary of Perfo:rmance of Ozonator 
Run Number * Effluent Flow Rate, L/min Ozone Dose, mmole/min 
1 0.168 0.25 
2 0.160 0.22 
3 0.171 0.25 
4 0.188 0.25 
5 0.167 0.20 
6 0.198 0.32 
7 0.172 0.18 
8 0.169 0.22 
9 0.157 0.19 
10 0.183 0.19 
11 0.194 0.19 
12 0.172 0.28 
13 0.184 0.27 
14 0.186 0.16 
15 0.189 0. 27 
16 0.189 0.20 
17 0.185 0.20 
18 0.167 0.27 
19 0.154 0.26 
20 0.181 0.25 
Ave. 0.177 0.23 
* From Table 3 
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Hydroquinone and catechol were the early reaction products detected. 
The measured concentration of hydroquinone and catechol, however, were 
never more than 20 and 10 mg/L, respectively. Formic acid, glyoxylic 
acid, and oxalic acid were the major aliphatic oxidation products 
identified. Acetic acid and propionic acid were the minor products 
observed. These results are generally in agreement with those 
observed by Yamamoto (45) and Gould and Webber (15). The previous 
work, however, did not detect acetic acid and propionic acid as the 
minor ozonation products. 
Tables 6-8 show the fractions of DOC that can be accounted for at 
various times of ozonation based on the compounds identified. The DOC 
measurements indicated that compounds measured accounted for 58 to 98 
percent of the organic carbon present. The remaining portion of the 
organic carbon may be mostly consisted of aldehydes which were not 
measured in this study but were positively identified by Yamamoto et 
al.(45). 
b. o-Cresol: Ozonation of o-cresol was conducted with three initial 
concentration levels (200, 600, and 1000 mg/L) and three initial pH 
values (3, 7, and 9). The 200 mg/L o-cresol was ozonated for 1, 3, 
5, 10, 20, 30, 40, 60, and 90 min. Additional samples of 120 and 180 
min, and 240-min ozonation times were collected for 600 and 1000 mg/L 
o-cresol, respectively. For pH 7, the pH values of 200, 600, and 
1000 mg/L solutions were each adjusted to 7.0 prior to ozonation. The 
pH, however, dropped to between 3.4 and 4.2 after only 1 min ozonation 
as the solutions were not buffered. At the end of ozonation, pH 
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Table 6 DOC Distribution of Identified Ozonation Products of 200 mg/L phenol at pH 7 
Ozonation. min 
Compound 0 1 3 5 10 20 30 40 60 90 120 180 
phenol 120 55.2 47.5 38.3 10.0 0.5 0 0 0 0 0 0 
Hydroquinone 0 5.2 4.5 4.4 1.2 0.1 0 0 0 0 0 0 
Catechol 0 3.3 3.3 3.4 3.7 3.2 0 0 0 0 0 0 
Glyoxylic acid 0 17 31 36 49.6 44.8 39.6 37.9 41.2 36 -· 
Oxalic acid 0 0 0.7 0.7 0.9 1.8 1. 7 2.3 2.9 7.0 4.5 4.3 
N 
Acetic acid 0 1.4 2.1 1.5 1.9 1.1 1.0 3.4 1.3 2.0 2.5 2.3 
'° Fomic Acid 0 4.4 4.4 6.8 14.9 24.8 25.3 19.6 8 .1 3.4 2.9 3.9 
DOC identified, mg/L 120 86.5 93.5 91. 9 82.2 76.8 67.6 63.53 53.5 48.3 
DOC measured. mg/L 143 136.1 136.9 133. 7 126 115.1 99.8 91. 3 78.4 69.9 65.9 62.3 
% DOC identii"ed 84 64 68 68 65 67 68 69 68 69 
*not analyzed 
Table 7 DOC Distribution of Identified Ozonation Products of 600 mg/L phenol at pH 7 
Ozonation, min 
Compound 0 1 3 5 10 20 30 40 60 90 120 180 240 
phenol 438 331.7 241.3 195.3 205.3 126.4 50.6 26.0 0 0 0 0 0 
Hydroquinone 0 7.2 9.8 10.5 10.8 7.9 3.9 3.3 2.0 0 0 0 0 
Catechol 0 0.5 3.6 1.3 I. 3 0.5 0.1 0.1 0 0 0 0 0 
Glyoxylic acid 0 21. 3 36.8 63.1 78.3 115.6 132.5 135.9 111.4 112.2 108 77. 7 -· Oxalic acid 0 1.8 2.7 4.0 4.1 4.9 6.7 7.7 15.2 20.5 43.5 55.5 74.9 
Propionic acid 0 0 0 I. 2 0.4 0 0 0 0 0 0 0 0.5 
"' Acetic acid 0 3.0 2.0 2.4 2.8 2.0 3.4 2.8 10.8 0.8 4.0 9.0 2.8 0 
Fomic acid 0 1.6 5.0 17.2 19.8 35.5 61.8 85.0 164.1 74.3 77. 7 85.8 8.9 
DOC identified, mg/L 438 370.1 301.2 295.0 322.8 292.8 259.0 260.8 303.5 207.8 233.2 228.0 
DOC measured, mg/L 455.8 452.1 446.6 438.3 441.3 427.7 404.3 393.6 343.3 300.1 258.8 228.5 209.0 
% DOC identified 96 82 67 67 73 69 64 66 88 69 90 98 
*not analyzed 
Table 8 DOC Distrib.ution of Identified Ozonation Products of 1000 mg/L phenol at pH 7 
Ozonation, min 
Compound 0 1 3 5 10 20 30 40 60 90 120 180 240 300 
phenol 751.4 579.1 464.2 435.1 372.3 249.7 205.3 104. 9 25.4 0 0 0 0 0 
Hydroquinone 0 8.5 11.8 12. I 10.5 7.9 10.5 5.2 2.9 0 0 0 0 0 
Catechol 0 0.1 3.3 3.9 1.0 0.7 0.4 0 0 0 0 0 0 0 
Glyoxylic acid 0 24.8 38.9 49.8 75.4 105.4 118.2 287.0 153.7 135.9 133. 33 104.6 87.7 -* 
Oxalic acid 0 6.4 3.7 3.5 4.0 6.9 8.8 18.7 18.7 18.9 28.5 64.8 94.9 109.9 
Acetic acid 0 2.0 1.6 3.2 3.0 3.8 .38 6.8 3.8 3.2 2.6 2.8 2.0 3.2 
"' .._. Formic acid 0 3.9 6.5 8.9 18.0 43.6 71.5 132.0 169.0 166.4 149.0 84.0 45.7 15.1 
DOC identified, mg/L 751.4 624.8 530.0 516.5 484.2 418.0 418.5 554.6 373.4 324.4 313.4 256.2 230.3 
DOC measured, mg/L 778.0 751.0 762.0 744.0 735.0 718.0 706.0 669.0 620 560 495 410 366 303 
% DOC identified 97 83 70 69 66 58 59 83 60 58 63 62 63 
*not analyzed 
values of 2.1-2.7 were measured (Table A2). Ozonation of 600 mg/Lo-
cresol was also conducted at pH 3 and 9. The pH of the acid solution 
was not controlled and dropped from 3. 0 to a low of 2. 5 during the 
course of ozonation (Table A2). Therefore, ozonation of the pH 3 and 
7 solutions was actually conducted in the acid pH range and the 
reaction mechanism was expected to be the same in these solutions. The 
pH values of the basic solutions, however, were buffered at 9 with 
boric acid/sodium borate and remained above 8. 3 even at the end of 
240-min ozonation (Table A2). Figures 9 through 13 show the removal 
patterns of COD and DOC, the rate of disappearance of o-cresol, and 
the rates of formation of products during ozonation of o-cresol at pH 
7. Figures 14-17 show the effects of pH on the reaction of 600 mg/L 
o-cresol with ozone. The rates of reduction in COD, DOC, and o-cresol 
were faster in the basic solutions than those in the acid solutions. 
Complete removal of 600 mg/L o-cresol was achieved in about 20 min and 
further reductions in COD and DOC continued but at slower rates. 
Salicylic acid was the only aromatic oxidation product detected and it 
appeared only in solutions with an ozonation period of 30 min or less. 
This observation is in agreement with Rice et al. (35) who reported 
that salicylic was formed, upon initial ozonation, through oxidation 
of the methyl group of o-cresol. In this study, the measured 
concentrations of salicylic acid were never higher than 3 mg/L. 
Formic acid, oxalic acid, and acetic acid were the important 
intermediate and end products. In addition to these acids, glyoxylic 
acid was also the major product observed in the basic solutions. A 
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Figure 13. Ozonation of 1000 mg/L 0-Cresol and Product Formation at pH 7 
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Figure 14. Effect of pH on COD Reduction During Ozonation of 600 mg/L 0-Cresol 
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Figure 15. Effect of pH on DOC Reduction During Ozonation of 600 mg/L 0-Cresol 
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Figure 16. Ozonation of 600 rng/L 0-Cresol and Product Formation at pH 3 
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Figure 17. Ozonation of 600 mg/L 0-Cresol and Product Formation at pH 9 
comparison between the DOC calculated from all the organic acids 
detected at pH 7 and the DOC measured directly from the solution 
revealed that compounds identified ranged from 21-86% (Tables 9-11). 
Tables 12 and 13 show the DOC distribution of identified ozonation 
products of 600 mg/L o-cresol at pH 3 and 9, respectively. The 
portion of DOC which was attributed to unidentified compounds was 
higher in the basic solutions with the maximum difference occurred at 
nearly complete elimination of o-cresol. In the basic pH range, ozone 
decomposes to form highly reactive hydroxyl radicals and the reaction 
products may be different from those induced by the direct attack of 
ozone as in the acid solutions. 
c. 2,5-DCP: Ozonation of 100 mg/L 2,5-DCP was conducted at an initial pH 
value of 6.8 for 5, 20, 40, 60, 90, and 120 min. Ozonation of 600 
mg/L 2,5-DCP was conducted in both the acid and the basic pH range for 
1, 3, 5, 10, 20, 30, 40, 60, 90, 120, 180, and 240 min. The pH of the 
acid solutions was not controlled and dropped from 3 to a low of 2. 2 
during the course of ozonation (Table A3). The pH of the basic 
solutions, however, was buffered and remained above 8.4 during 
ozonation. Figures 18 and 19 show the reductions in COD and DOC at 
various times of ozonation of 100 mg/L 2,5-DCP. Figures 20-23 show 
the effects of pH during ozonation of 600 mg/L 2,5-DCP on COD and DOC 
reductions, and the profiles of 2,5-DCP and organic acids. The data 
in Figures 20 and 21 show that the rates of both COD and DOC 
reductions were faster in the basic solutions than in the acid 
solutions. Oxalic acid was the major product observed in both the 
42 
Table 9 DOC Distribution of Identified Ozonation Products of 200 mg/L o-Cresol at pH 7 
Ozonation, min 
Compound 0 1 3 5 10 20 30 40 60 90 
0-cresol 144.7 43.6 21.0 7.5 0 0 0 0 0 0 
Salicylic acid 0 0.4 0.2 0 0 0 0 0 0 0 
Glyoxylic acid 0 50.9 57 .4 44.4 46.7 34.4 7.5 11.4 0 5.5 
Oxalic acid 0 0 0 0 0 0 3.2 0 - 11. 2 
Propionic acid 0 12.6 5.4 0 0 0 0 0 0 0 
Acetic acid 0 0 8.0 8.4 4.0 14.4 -• 26.0 46.4 3.6 ... 
"" Formic acid 0 0 4.2 6.3 0 7 .0 2.6 3.9 9 .1 0.8 
DOC identified, mg/L 144.7 107 .5 96.2 66.6 50.7 55.8 - 41. 3 - 21.1 
DOC measured, mg/L 156.9 155.1 152.5 148.7 142.4 124.6 115.5 110.8 105.6 102.8 
% DOC identil!ed 92 69 63 45 36 45 - 37 - 21 
*not analyzed 
Table 10 DOC Distribution of Identified Ozonation Products of 600 mg/L o-Cresol at pH 7 
Ozonation. min 
Compound 0 1 3 5 10 20 30 40 60 90 120 180 
0-cresol 451.1 346.1 221.7 192.1 101.1 12.4 0 0 0 0 0 0 
Salicylic acid 0 I. 9 1.6 I. 5 1.3 0 0 0 0 0 0 0 
Glyoxylic acid 0 37.0 38,8 48.8 60.3 73. 7 94.0 90.0 172 .5 149.0 21.2 20.0 
Oxalic acid 0 2.7 2.5 I. 3 2.5 2.9 4.8 8.3 12.5 17 .1 26.4 35.5 
Proplonic acid 0 0 1.0 0 0 0 0 0 0.3 0 0 0.5 
Acetic acid 0 5.6 8.0 9.6 -* - - 79,2 65.2 61.6 64.8 60.8 
~ Formic acid 0 2.1 6.5 8.9 ~ - - - 77 .o 32.9 20.3 17.7 8.9 
DOC identified, mg/L 451.l 395,4 280.1 262.2 - - - 254.5 283.4 248.0 130.1 125.7 
IXJC measured, mg/L 449.6 451,7 440.7 439.6 441.8 426.8 390.4 376.3 329.6 305.4 314.0 298.0 
% DOC identified 100 87.5 63.6 59.7 - - - 67.6 86.0 81.2 41.4 42.2 
*not analyzed 
Table 11 DOC Distribution of Identified Ozonation Products of 1000 mg/L o-Cresol at pH 7 
Ozonation, min 
Compound 0 I 3 5 10 20 30 40 60 90 120 
0-cresol 749.8 544.4 416.1 396.7 190.6 27.2 0 0 0 0 0 
Salley lie acid 0 1.8 1.5 1.4 0 0 0 0 0 0 0 
Oxalic acid 0 1. 3 1. 9 2.4 5.1 9.3 13.1 14.9 18.9 27.7 45.6 
Acetic acid 0 4.0 11. 2 19.2 35.2 76.0 143.2 144.0 151.2 144.0 146.0 
Formic acid 0 4.2 8.6 13.8 28.7 62.6 127.8 144.5 131. 7 79.6 46.9 
t; DOC identified, mg/L 749.8 555.7 439.3 433.5 259.6 175.1 284.1 303.4 301,8 251.3 238.5 
DOC measured, mg/L 714.6 711. 4 707.7 702.7 699.9 679.2 644.3 644.2 598.7 531. 2 493.1 
% DOC identified 105 78 62 62 37 26 43 47 50 47 48 
Table 12 DOC Distribution of Identified Ozonation Products of 600 mg/L o-Cresol at pH 3 
ozonation, min 
Compound 0 I 3 5 10 20 30 40 60 90 120 180 240 
o-Cresol 442 300 233 170 100 6.2 0 0 0 0 0 0 0 
Salley lie acid 0 1.0 1.0 1.0 1.0 0.7 0 0 0 0 0 0 0 
Glyoxylic acid 0 14.1 32.3 55 76.7 114 122 119 116 IOI 94 79 66.3 
Oxalic acid 0 0.8 1.3 2.0 4.3 4.8 8.3 9. I 10. 7 21.3 25.6 3i);9 40.8 
Propionic acid 0 3.4 1.0 1.0 1.9 1.0 22.9 14.6 I. I 0 0.7 2.4 3.3 
Acetic acid 0 9.2 13.2 19.6 30,8 50 102 84 67.2 68.4 70.4 71.6 81.6 
Formic acid 0 2.9 6.8 14.6 26. I 51.1, 96.5 88.7 56.6 29.2 21.9 12.3 11. 2 
.,,. 
"' DOC identified, mg/t 442 332 286 263 21, 1 228 351 315 252 230 212 197 203 
DOC measured, mg/1 466 465 463 459 454 443 415 387 353 324 315 297 279 
% DOC identified 95 71 62 57 53 52 85 82 71 71 67 66 73 
Table 13 DOC Distribution of Identified Ozonation Products of 600 mg/L o-Cresol at pH 9 
ozonation, mln 
Compound 0 1 3 5 10 20 30 40 60 90 120 180 240 
o-cresol 467 3/,6 249 11,5 34 3 1.2 0 0 0 0 0 0 
Salicylic acid 0 1.2 0.9 o.8 0.6 0.3 0.2 0 0 0 0 0 0 
Glyoxylic acid 0 2.6 11.6 16.7 21,.2 11.3 7.6 4.1 3.8 3 2.2 1.8 1.3 
oxalic acid 0 0 2 .I, 1.9 3.7 4.5 9.6 16.5 25 37.9 49.9 53.9 59.5 
Propionic acid 0 5.4 4.9 4.9 ,, .9 4.9 6.8 6.8 5.4 5.4 5.8 6.8 5.8 
Acetic acid 0 5.4 6.8 11.6 22.4 21. 2 30 36.8 40.8 33.2 29.6 36 27.6 
Formic acid 0 o.5 1.6 3.9 7.3 18.3 23.5 29.5 32 .6 36.3 35 43 69 
.... .... 
DOC identified, mg/l 467 361 277 188 97 61, 79 94 108 116 123 142 163 
DOC measured, mg/l 460 450 417 401 381 377 373 350 347 291 273 263 223 
% DOC identified 102 80 67 1, 7 26 17 21 27 31 40 45 54 73 
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Figure 18. COD Reduction During Ozonation of 100 mg/L 2,5-DCP at pH 6.8 
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Figure 19. DOC Reduction During Ozonation of 100 mg/L 2,5-DCP at pH 6.8 
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F'igure 20, Effect of pH on COD Reduction During Ozonation of 600 mg/L 2,5-DCP 
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Figure 21. Effect of pH on DOC Reduction During Ozonation of 600 mg/L 2,5-DCP 
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Figure 22. Ozonation of 600 mg/L 2,5-DCP and Product Formation at pH 3 
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Figure 23. Ozonation of 600 mg/L 2,5-DCP and Product Formation at pH 9 
acid and the basic pH ranges. Formic acid and acetic acid were also 
important intermediates detected in the acid solutions. Prop ionic 
acid and glyoxylic acid were the minor products identified in both pH 
ranges. For pH 3, complete elimination of 2,5-DCP was observed after 
20-min ozonation and the DOC calculated from all the measured organic 
acids accounted for 28-61% of organic carbon present (Table 14). For 
pH 9, the acids measured only accounted for 26-44% of the measured 
organic carbon (Table 15). Aldehydes were not measured and could have 
accounted for much of the remaining DOC. 
d. 2,4-DNP: Ozonation of 2, 4-DNP was conducted for an initial 
concentration of 100 mg/Land three initial pH values (3, 3.6, and 9). 
At the initially unjusted pH value of 3.6, 2,4-DNP was ozonated for 5, 
20, 40, 60, 90, and 120 min and the pH dropped to 2.8 at the end of 
the ozonation (Table A4). Ozonation of 2,4-DNP was also conducted in 
the basic pH .range ( 8.3-8.5) for 5, 10, 20, 30, 60, and 90 min. 
Figures 24 and 25 show the patterns of COD and DOC reduction during 
ozonation at pH 3 and 9. Similar to the results obtained with o-
cresol and 2,5-DCP, the rates of COD and DOC reductions were faster in 
the basic solutions than in the acid solutions. Figures 26 and 27 
show the rates of 2,4-DNP removal and acid formation at pH 3 and 9, 
respectively. In the acid solutions, formic acid and oxalic acid 
were the major reaction products observed while acetic acid was the 
minor product detected (Figure 26). These acid measurements accounted 
45- 77% of organic carbon present in the acid solutions (Table 16). 
Formic acid was the only aliphatic acid ozonation product identified 
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Table 14 DOC Distribution of identified Ozonation Products of 600 mg/L 2,5-DCP at pH 3 
Ozonation, min 
Compound 0 1 3 5 10 20 30 40 60 90 120 180 240 
2,5-DCP 238.5 17.7 18.6 43.7 8 0.4 0 0 0 0 0 0 0 
Glyoxylic acid 0 6.8 22.7 32.1 18.2 6.2 1.0 2.6 0 0 0 0 0 
Oxalic acid 0 2.9 4.8 8 13.3 19.7 21.3 29.3 31. 7 36 33.6 33.3 36 
Propionic acid 0 13.6 10.2 10.2 3.9 4.4 1.0 5.8 5.8 2.1 3.7 7.8 4.3 
Acetic acid 0 51.6 46.8 46.4 22.4 25.2 6.8 16.0 29.2 8.4 14.8 33.2 16.4 
Formic acid 0 6.8 
"' 
9.4 11. 7 18.3 25 21.1 22.7 21.7 16.2 13.6 15.7 12.5 
"'DOC identified, mg/L 238.5 99.4 112.5 152.1 84.1 80.9 51. 2 76.4 88.4 62.7 65.7 90 69.2 
DOC measured. mg/L 253.3 251.1 244.5 242.4 227 200.6 184 172.9 166.3 153.8 146.1 147.7 139.1 
% DOC identified 94 40 46 63 37 40 28 44 53 41 45 61 50 
Table 15 DOC Distribution of Identified Ozonation Products of 600 mg/L 2,5 DCP at pH 9 
Ozonation 1 min 
Compound 0 1 3 5 10 20 30 40 60 90 100 180 240 
2,5-DCP 250 175.4 110.4 49.5 23.4 0.4 0 0 0 0 0 0 0 
Glyoxy lie acid 0 1.4 7.3 12.6 8.6 4.5 5.5 5.5 6.2 13.9 12.6 9.1 6.2 
Oxalic acid 0 1. 6 2.9 5.6 11.5 24 28 38.4 41.3 33.1 37.3 32.5 7.7 
Acetic acid 0 0 3.2 4.8 7.2 10.8 5.2 2.4 2 2 2.4 2 2 
Formic acid 0 1.8 4.4 5.7 7.3 9.1 5.7 4.2 3.4 2.9 2.9 2.3 1.6 
DOC identified, mg/L 25.0 180.2 128.2 78.2 58.0 48.8 44.4 50.5 52.9 51. 9 55.2 45.9 17.5 ..,, DOC measured, mg/L 265.4 259 240 221.5 212.1 177. 7 162 754.9 148.9 141. 9 131. 7 105.4 68.4 °' % DO~ identified 94.2 69.6 53.4 35.3 27.3 27.5 27.4 32.6 35.5 36.6 41. 2 42.7 25.6 
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Figure 24. Effect of pH on COD Reduction During Ozonation of 100 mg/L 2,4-DNP 
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Figure 25. Effect of pH on DOC Reduction During Ozonation of 100 mg/L 2,4-DNP 
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Figure 26. Ozonation of 100 mg/L 2,4-DNP and Product Formation a.t pH 3 
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Figure 27. Ozonation of 100.mg/L 2,4-DNP and Product Formation at pH 9 
Table 16 DOC Distribution of Identified Ozonation Products 
of 100 mg/L 2,4 DNP at pH 3 
Ozonation, min 
Compound 0 10 30 60 
2,4-DNP 45 7.4 0 0 
Oxalic acid 0 3.9 7.5 8.3 
Acetic acid 0 1.3 1.2 1.8 
Formic acid 0 5.6 2.8 2.8 
DOC identified, mg/L 45 18.2 11.5 12.9 
DOC measured, mg/L 40.6 37.8 25.4 16.8 
% DOC identified 111 53.9 45.3 76.8 
61 
90 
0 
8.3 
0.3 
2.5 
11.1 
14.9 
74.5 
in the basic solutions and it accounted for 23-66% of organic carbon 
measured (Table 17). 
1l.... Biochemical Methane Potential~ Studies 
BHP studies were conducted on both ozonated and unozonated samples of 
each of the four model phenolic compounds to evaluate the anaerobic 
biodegradability induced by ozone. Biodegradation of a sample was realized 
by net methane production. Net methane production was calculated by 
substracting methane produced in seed-blank bottles from that produced in 
test bottles. The volumetric methane production data have been corrected 
for moisture content and converted to standard temperature and presure (0°c 
and 1 atm). These data also include the methane content of the liquid as 
determined from Henry's law and the partial pressure of the methane in the 
gas phase. The methane potential data of a sample was calculated based on 
the volume and the measured COD of the sample added to the test bottle. The 
ultimate oxygen demand of methane gas is calculated according to: 
(4) 
Based on the above stoichiometric relationship, one mol of methane is 
equivalent to two mols of oxygen, and therefore, a conversion of 0.35 liters 
of methane per gram of COD is obtained at STP (0°c and 1 atm). 
a. Phenol: Table 18 shows the observed net methane production and 
methane potential values for ozonated and unozonated phenol. Methane 
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Table 17 DOC Distribution of Identified Ozonation Products 
of 100 mg/L 2,4 DNP at pH 9 
Ozonation, min 
Compound 0 10 30 60 
2,4 DNP 38.6 0.8 0 0 
Formic acid 0 6.5 9.7 10.4 
DOC identified, mg/L 38.6 7.3 9.7 10.4 
DOC measured, mg/L 40.5 32.6 22.9 15.8 
% DOC identified 95.3 22.4 42.4 65.8 
63 
90 
0 
19.8 
19.8 
Table 18. Summary of BMP of Ozonated and Unozonated Phenol at pH 7.0 
200 mg/L 600 mg/L 1000 mg/L 
Ozonation CH4 , mL CH4 , mL CH4 , mL 
(min) Actuala Potential Actua1° Potential Actualc Potential 
0 7.6 7.9 23.4 24.4 37.6 41.3 
1 5.7 7.4 23.4 23.6 38.0 40.8 
3 6.7 6.8 22.7 22.9 35.3 39.6 
5 4.9 6.2 15.8 20.9 33.4 39.0 
10 1. 8 5.0 17.5 20.9 28.3 36.8 
20 -0.3 3.7 12.7 17.9 -3.3 33.0 
30 0.4 3.2 5.4 14.6 8.6 30.5 
40 1. 7 2.4 3.1 13.0 3.5 25.4 
60 1.5 1.6 0.4 10.2 -2.5 20.3 
90 1.5 1.2 -2.0 7.9 -0.3 16.2 
120 1.5 1.1 -0.4 5.9 -1. 7 12.6 
180 1.3 1.0 -0.8 3.9 -0.6 8.4 
240 1.3 5.9 0.7 6.4 
300 0.8 7.4 
:Incubated for 1322 hr 
Incubated for 1829 hr 
cincubated for 1515 hr 
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production decreased as ozone doses were increased and became 
negative before actual production was observed again for all three 
initial concentrations. Net methane production reduced to zero or 
become negative after 20, 60, and 90 min ozonation on 200, 600, and 
1000 mg/L phenol, respectively. The 20, 60, and 90 min ozonation 
corresponded to reaction times required to completely remove 200, 
600, and 1000 mg/L of phenol, respectively. Figure 28 shows the 
anaerobic biodegradability of ozonation products as a function of COD 
reduction exerted by ozonation. The extent of anaerobic 
biodegradability induced by ozone was indicated by the ratio of the 
actual and the potential methane production. The data in Figure 28 
demnstrated that anaerobic biodegradability induced by ozone on phenol 
was affected by the initial concentration of phenol. After 40-min 
ozonation of 200 mg/L phenol, a COD reduction of about 70% was 
achieved and the oxidation products formed were well biodegradable. 
However, no significant biodegradation was observed for 600 and 1000 
mg/L phenol with the same COD reduction (70%) as no appreciable 
methane production was measured. The fraction of biodegradable COD 
decreased initially as the COD decreased shown in Figure 28, 
indicating that the early ozonation products of phenol were less 
biodegradable than phenol. However, the methanogenic cultures used in 
this study were acclimated to phenol but not to the ozonation 
products. Negative net methane production observed for 600 and 1000 
mg/L phenol indicated inhibition of biological activities of the 
oxidation products. Methane production, however, was observed for 
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Figure 28. Effect of COD Reduction on Anaerobic Biodegradability of Phenol 
samples subjected to sufficient doses of ozone, indicating 
biodegradation of later oxidation products to methane. Screening of 
the biodegradabilities of the identified aliphatic oxidation 
products revealed that formic acid was degradaded to methane while 
oxalic acid and glyoxylic were not significantly degraded in the 
phenol-enriched methanogenic cultures (Table 19). Acetic acid and 
propionic acids were not screened since they are the two major 
precursors of methane in the anaerobic degradation of organic matter. 
b. o-Cresol: The effects of ozonation on the anaerobic biodegradability 
of o-cresol were investigated with three different initial 
concentrations (200, 600, and 1000 mg/L). Table 20 shows the observed 
net methane production and the corresponding methane potential values. 
The data in Table 20 were obtained with samples ozonated in the acid 
pH range. The pH values of these solutions were not buffered and 
dropped quickly from 7.0 to 2.1 during ozonation (Table A2). Negative 
net methane production was observed for test bottles containing 
unozonated o-cresol solutions and for those containing samples reacted 
wi.th relatively low doses of ozone. This observation suggests that o-
cresol and its early ozonation products were refractory and inhibitory 
to biological activities. However, the data in Table 20 also 
indicate that the reaction products of longer ozona tion were 
fermentable to methane as evidenced by net methane production in test 
bottles containing these samples. In addition, higher doses of ozone 
were needed to form fermentable products for higher initial 
concentrations. Net methane production was observed for ozonated 
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Table 19. Summary of BMP of Aliphatic Ozonation Products 
CH4 Produced, mL 
Compound Concentration, mg/L 
Net Potential 
Formic acid 100 1.0 1.2 
200 1.8 2.4 
400 4.9 4.8 
800 8.7 9.6 
Glyoxylic acid 100 N* 2.2 
200 N 4.4 
400 N 8.8 
800 N 17.6 
Oxalic acid 100 N 0.6 
200 N 1.2 
400 N 2.4 
800 2.5 4.8 
* Not significantly degraded 
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Table 20. Summary of BMP of Ozonated and Unozonated o-Cresol at pH 7.0 
Ozonation 
(min) 
0 
1 
3 
5 
10 
20 
30 
40 
60 
90 
120 
180 
240 
200 mg/L 
CH4 , mL 
Actuala Potential 
-1. 9 8.5 
-0.4 8.2 
0.3 7.6 
0.3 6.8 
-0.4 5.6 
0.2 4.7 
0.9 4.2 
0.6 3.9 
3.0 3.5 
3.3 3.4 
aincubated for 1619 hr 
bincubated for 1964 hr 
cincubated for 1559 hr 
600 mg/L 
f;H4 , mL 
Actual Potential 
-3.1 26.2 
-1. 9 25.4 
0.2 24.3 
2.1 23.5 
0.2 21.1 
0.1 17.4 
-7.3 14.6 
-7.3 13.5 
-2.1 11. 7 
4.1 10.2 
5.0 10.9 
69 
1000 mg/L 
CH4 , mL 
Actualc Potential 
-1. 6 41.7 
-1.2 41.4 
-0.6 40.4 
0.5 39.0 
0.3 36.6 
-3.8 31.4 
-3.7 28.8 
-3.0 25.7 
-4.4 22.7 
-4.4 20.2 
2.3 17.7 
7.0 16.8 
solutions of 200, 600, and 1000 mg/L o-cresol after 20, 90, and 120 
min ozonation, respectively. Using the ratio of the actual and the 
potential methane production to indicate biodegradability, the data in 
Table 20 reveal that conversion of the 90-min ozonation products of 
200 mg/L of o-cresol to methane was nearly complete during 1619-hr 
incubation. However, in the cases of 600 and 1000 mg/L of o-cresol, 
the observed methane production accounted for only 46 and 42% of the 
theoretical values even after 180- and 240-min ozonation, 
respectively. 
To find the relationship between the anaerobic biodegradability 
induced by ozone and the COD reduction exerted by ozonation, the data 
in Table 20 were rearranged and plotted in Figure 29. Similar to the 
results obtained with phenol, Figure 29 shows that the initial 
concentration of o-cresol affected the anaerobic biodegradability of 
the ozonation products formed with the same COD reduction. The data, 
however, also show that the anaerobic biodegradability of the reaction 
products improved significantly after about 60% reduction in COD was 
obtained regardless of the initial concentration. This COD reduction 
corresponded to approximately 32% reduction in DOC or ozone doses of 
6-12 g o3/g o-cresol. These data further showed that net methane 
production was negative with lower ozone doses or lower COD reduction 
at higher initial concentrations (600 and 1000 mg/L), indicating 
inhibition of the intermediate ozonation products. 
The effect of pH during ozonation on the anaerobic biodegradability 
induced by ozone was investigated with 600 mg/L o-cresol and two pH 
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Figure 29. Effect of COD Reduction ?n Anaerobic Biodegradability of 0-Cresol 
values (3 and 9). The data in Figure 30 indicated significant 
difference in biodegradability of ozonation products formed with the 
same COD reduction in acid and basic solutions. In addition, the 
reaction products formed in the basic solutions were not inhibitory 
and their biodegradability increased rather gradually after about 40% 
of COD reduction was achieved. The reaction products formed in the 
acid pH range, however, were inhibitory until about 60% of COD 
reduction was obtained. Furthermore, the reaction products formed at 
pH 9 were always more biodegradable than those formed in the acid pH 
range with the same dose of ozone (Figure 31). These findings suggest 
that the anaerobic biodegradability of ozonation products of o-cresol 
were strongly dependent on pH during the ozonation reaction. 
c. 2,5-DCP: BMP studies were conducted on both ozonated and unozonated 
2,5-DCP. Results obtained with 600 mg/L 2,5-DCP showed that no net 
methane production was observed in all the test bottles regradless of 
the pH during the ozonation reaction (Table 21). Furthermore, 
negative net methane production was noted for all the samples 
throughout an incubation period of more than 1240 hr. Negative net 
methane production or no net methane production suggested that 
biological activities were inhibited and the biodegradable acids 
formed during ozonation were not converted to methane. BMP studies 
conducted on ozonated samples of 100 mg/L 2, 5-DCP, however, showed 
that ozonation facilitated the anaerobic biodegradability of the 
refractory 2,5-DCP (Table 21). The data in Table 21 show that after 
only 5-min ozonation, approximately 56% of the oxidation products 
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Table 21. Summary of BHP of Ozonated and Unozonated 2,5-DCP 
100 mg/L (pH 5.6) 600 mg/L (pH 3) 600 mg/L (pH 9) 
Ozonation CH4 , mL 
(min) Actuala Potential 
CH4 , mL 
Actualb Potential 
CH4 , mL 
Actualc Potential 
0 -0.2 2.7 -6.3 12.2 -5.4 12.4 
1 -6.1 11.4 -5.6 11.0 
3 -6.1 11.0 -5.6 11.4 
5 0.5 0.9 -6.1 9.2 -5.4 9.5 
10 -5.9 8.1 -4.9 7.4 
20 0.3 0.5 -0.9 5.6 -4.7 5.6 
30 -1.0 4.4 -4.4 3.8 
40 0.7 0.4 -0.8 4.9 -0.5 3.3 
60 0.7 0.2 -1.0 3.8 -0.7 2.8 
90 0.5 0.1 -1.2 3.4 -0.5 2.2 
120 0.7 0.04 -0.7 2.8 -1.4 1. 9 
180 -1.4 2.8 -0.9 1.4 
240 -1.6 2.8 -0.2 0.2 
alncubated for 742 hr 
blncubated for 124.0 hr 
clncubated for 1496 hr 
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formed were converted to methane. Furthermore, after 40-min 
ozonation, virtually all the remaining COD was accounted for in the 
measured methane gas. The reductions in COD with 5 and 40-min 
ozonation were 69 and 92%, respectively. 
d. 2 ,4-DNP: BMP tests were conducted for ozonated and unozonated 2, 4-
DNP. Ozonated samples were obtained with 100 mg/L 2,4-DNP at an 
initial pH value of 3.6. Table 22 summarizes the results of the BMP 
test. Although negative net methane production was observed for the 
unozonated 2,4-DNP and the 5 and 20-min ozonation products, the 40-min 
reaction products corresponding to 83% COD reduction were well 
biodegradable to methane. The finding that sufficient ozone doses are 
needed to facilitate the anaerobic biodegradability of 2,4-DNP is 
similar to those observed for phenol, o-cresol, and 2,5-DCP. 
£.,_ Anaerobic Toxicity Assay CATA) Studies 
ATA tests were conducted to evaluate the anaerobic toxicity of the 
four model phenolic compounds and their ozonation products on the anaerobic 
bacteria. Acetic acid and phenol were used as the substrates in the ATA 
tests for each phenolic compound. The fermentation of phenol to methane 
represents a multiple step degradation while acetic acid is the major 
volatile acid intermediate formed in the anaerobic degradation of organic 
matter and is the major precursor of methane (27). Therefore, the 
selection of acetic acid and phenol as the substrates in the ATA tests will 
allow an independent evaluation of toxicity on the specific bacterial groups 
in mixed methanogenic cultures. 
a. Phenol. Figures 32-35 show the results of ATA of phenol and its 
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Table 22. Summary of BMP of Ozonated and Unozonated 2,4-DNP 
Ozonation, min 
0 
5 
20 
40 
60 
90 
aOzonated at pH 3.6 
100 mg/L 2,4-DNPa 
CH4 , mL 
Actual Potential 
-0.24 
-0. 71 
-0.23 
0.61 
0.19 
0.21 
77 
3.16 
2.30 
0.87 
0.53 
0.48 
0.28 
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Figure 34. Effect of Ozonation Products of Phenol at pH 9 on Acetate Utilization 
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Figure 35. Effect of Ozonation Products of Phenol at pH 9 on Phenol Degradation 
early ozonation products formed at pH 3 and 9. Ozonation products 
formed with 0, 3, 5, and 10 min reaction times at pH 3 were slightly 
inhibitory to both acetate-utilizing methanogens and phenol 
degradation as indicated by the patterns of methane production in 
these test bottles during the early phases of incubation. However, 
methane production in these bottles exceeded that in the control 
bottles after an incubation period of 290 hr. The excess methane may 
be produced from remaining phenol in the ozonated solutions since the 
seed inculum used in this study was a phenol-enriched culture. 
Methane production from acetic acid and phenol in the 20, 30, 60, and 
90-min ozonation bottles, on the other hand, was both severely 
inhibited as indicated in Figures 32 and 33. Similar results were 
observed with ozonation products formed at pH 9. Ozonation products 
formed with 20-min ozonation at pH 9 were toxic to both acetate-
utilizing methanogens and phenol degradation (Figures 34 and 35). 
In addition, methane production from both acetic acid and phenol in 
all the test botles was inhibited during the first 120-hr incubation 
as indicated by the patterns of methane production. 
b. o-Cresol: In order to examine the toxic or inhibitory nature of the 
early ozonation products of o-cresol, ATA tests were conducted on 
ozonated samples (600 mg/L o-cresol) with acetic acid and phenol 
supplemented cultures, respectively. Results showed that the reaction 
products formed in the acid pH range with 20, 30, and 60-min ozonation 
of 600 mg/L of o-cresol were toxic to both acetate utilization and 
phenol degradation as indicated by the slower rates of methane 
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production in these bottles as compared to the controls (Figures 36 
and 37). The ATA data in Figures 36 and 37 were obtained by spiking 
500 mg/L of acetic acid and 200 mg/L of phenol, respectively. No 
ozonated solutions were added to the controls. The phenol controls 
contained only 200 mg/L phenol while the acetate controls contained 
only 500 mg/L acetic acid. Figure 36 indicates that the rates of 
methane production from added acetic acid were not significantly 
affected in the 0, 3, 5, and 10-minute ozonation solutions reacted in 
the acid pH range. Methane production from phenol, however, in all 
the test bottles was significantly affected by ozonation products 
formed at pH 3 (Figure 37). Toxicity toward the phenol-degrading 
methanogenic consortia increased as more o-cresol was oxidized to 
products and it peaked as o-cresol was nearly completely eliminated 
and the unidentified portion of DOC was maximum. 
Ozonation products at pH 9, however, were less inhibitory and toxic 
than those in the acid pH range. Figures 38 and 39 show the patterns 
of methane production in the acetic acid spiked (500 mg/L) and phenol 
spiked (200 mg/L) bottles, respectively. Figure 38 shows that methane 
production from the added acetic acid was slightly inhibited in the 10 
and 30-min ozonation bottles during the first 547-hr incubation. 
However, methane production in the 10, 30, 60, and 90-min ozonation 
bottles exceeded that in the acetate-control bottles at the end of 
the incubation period (1460 hours), indicating degradation of both the 
added acetic acid and ozonation products to methane. Phenol 
degradation, however, were more susceptible to inhibition than 
83 
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Figure 38. Effect of Ozonation Products of 0-Cresol at pH 9 on Acetate Utilization 
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Figure 39. Effect of Ozonation Product of 0-Cresol at pH 9 on Phenol Degradation 
acetate utilization as evidenced by the slower rates of methane 
production from added phenol (200 mg/L, Figure 39). Furthermore, 
inhibition of the phenol-degrading methanogenic consortia was observed 
in all bottles including the unozonated o-cresol solution. At the end 
of the incubation (1250 hours), the measured total methane production 
in the 3, 5, 10, 20, and 30-min ozonation bottles was all less than 
that in the control bottles. However, cumulative methane production 
in the 60-min ozonation bottles exceeded the controls, suggesting 
degradation of the added phenol as well as ozonation products. These 
observation further indicate that early ozonation products formed at 
pH 9 inhibit phenol degradation. Screening of the biodegradabilities 
of the identified aliphatic oxidation products had already revealed 
that formic acid was degraded to methane while oxalic acid and 
glyoxylic were not significantly degraded in the phenol-enriched 
culture (Table 19). ATA tests conducted on these nonbiodegradable 
compounds also revealed that oxalic acid and glyoxylic acid did not 
inhibit phenol degradation nor affect acetate utilization at the 
detected levels. Therefore, the inhibition or toxicity of ozonation 
products observed in this study may be attributed to unidentified 
ozonation products. 
c. 2,5-CDP: Since BMP tests on ozonated solutions of 600 mg/L 2,5-DCP 
indicated inhibition of methane production, ATA studies were 
conducted to examine the nature of the inhibition. Both Acetic acid 
and phenol were used as the substrates in the ATA studies. Results 
show that the rates of methane production from added phenol and 
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acetic acid were both lower in solutions ozonated at pH 3 than at pH 
9, indicating stronger inhibition of the reaction products formed in 
the acid pH range (Figures 40-43). These data were collected by 
adding 200 mg of acetate or 200 mg of phenol per litter to each of a 
series of bottles containing ozonated and unozonated 2, 5-DCP. 
Ozonation was conducted on 600 mg/L 2,5-DCP for 3, 5, 10, 20, 30, 60, 
and 90 min. Not all the data were presented in these figures to 
avoid overlaping. As compared to the controls, methane production 
from both acetate and phenol was severely inhibited in the 0, 3, and 
5-min ozonation solutions. Higher doses of ozone reduced inhibition of 
both phenol degradation and acetate utilization. In addition, the 
total methane produced from solutions with 30 min or longer ozonation 
time did not differ significantly from the controls after an 
incubation period of 32 days. However, the ozonated solutions were 
more inhibitory toward phenol degradation than acetate utilization as 
evidenced from the patterns of methane production from the added 
acetate and phenol. 
d. 2,4-DNP: ATA tests were conducted on 100 mg/L 2,4-DNP and its 
oxidation products formed with 10, 30, 60, 90, and 120-min ozonation 
times at pH 3 and 9, respectively. Acetic acid of 500 mg was added 
per liter to both ozonated and unozonated 2,4-DNP to evaluate their 
toxicity on acetate-utilizing methanogens. In evaluating the toxicity 
of 2,4-DNP and its ozonation products on phenol degradation, 200 mg of 
phenol was added per liter to all the test bottles. Figures 44-47 
show the results of the ATA tests. The methane production data in 
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Figure 44. Effect of Ozonation Products of 2,4-DNP at pH 3 on Acetate Utilization 
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Figure 45. Effect of Ozonation Products of 2,4-DNP at pH 3 on Phenol Degradation 
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Figure 47. Effect of Ozonation Products of 2,4-DNP at pH 9 on Phenol Degradation 
these figures indicated that the unozonated 2,4-DNP was toxic to both 
phenol degradation and acetate utilization. In addition, ozonation on 
2,4-DNP reduced the toxicity on both phenol degradation and acetate-
utilizing methanogens as the rate of methane production increased with 
increased ozone doses. Despite of the inhibitory nature of the 
ozonation products, total methane production in all but the phenol 
spiked, 10-min ozonation bottles did not differ significantly from the 
controls after an incubation period of 740 min. Methane production 
from added phenol was severely inhibited by 2,4-DNP and its reaction 
products formed with 10-min ozonation at pH 3 as indicated in Figure 
45 . 
.IL. Empirical Toxicity Model 
An empirical toxicity model developed by Pearson et al.(33) was 
modified to correlate data obtained with 2,5-DCP and 2,4-DNP from the ATA 
studies: 
(5) 
Where 
T relative toxicity to methane production, 
D ozonation time, min, 
K half-toxicity-reduction ozonation time, min, 
value of D for which T - 0.5, and 
a sensitivity exponent. 
The relative toxicity to methane production was defined as 
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T - 1 - vfV (6) 
Where 
v total volume of methane produced from samples with or without 
preozonation, mL, and 
V - total volume of methane produced from control, mL 
The two parameters, K and a, were obtained by linearizing equation (5) and 
conducting a least squares linear regression. Figures 48-50 and Figures 
51-54 show the modeling results for 2, 5-DCP and 2 ,4-DNP, respectively. 
The model describes the toxicity data well and the estimated half-toxicity-
reduction ozonation times and sensitivity exponents are all within the same 
order as given in Tables 23 and 24. Methane production data at the end of 
each incubation was used to estimate the observed toxicity of a sample. The 
incubation periods ranged from 561 hr to 788 hr as indicated in Tables 23 
and 24. The data illustrate that toxicity of 2,5-DCP and 2,4-DNP decreased 
with increasing ozone doses and the reduction was faster toward acetate 
utilization than phenol degradation. For 2,5-DCP, the reduction of toxicity 
to acetate utilization was not affected by pH as the results indicated that, 
under the same dose of ozone, toxicity was essentially the same among the 
acetate-spiked solutions. The reduction of toxicity of 2, 5-DCP to phenol 
degradation, however, was faster in basic solutions. For 2,4-DNP, the 
rates of reduction in toxicity on both acetate utilization and phenol 
degradation were not significantly affected by pH. 
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Figure 48. Relation Toxicity of Ozonation Products of 2,5-DCP at pH 3 and 9 on Acetate Utilization 
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Figure 49. Relative Toxicity of Ozonation Products of 2,5-DCP at pH 3 on Phenol Degradation 
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Figure 50. Relative Toxicity of .Ozonation Products of 2,5-DCP at pH 9 on Phenol Degradation 
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Figure 51. Relative Toxicity of Ozonation Products of 2,4-DNP at pH 3 on Acetate Utilization 
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Figure 52. Relative Toxicity of Ozonation Products of 2,4-DNP at pH 3 on Phenol Degradation 
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Figure 53. Relative Toxicity of Ozonation Products of 2,4-UNP at pH 9 on Acetate Utilization 
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Figure 54. Relative Toxicity of Ozonation Products of 2,4-DNP at pH 9 on Ph.enol Degradation 
Table 23. Summary of Toxicity Model Parameters of 2,5-DCP 
Half-toxicity-reduction ozonation 
Substrate 
Acetic acid 
Phenol 
:Incubated for 765 hr 
Incubated for 778 hr 
time, K (min) 
pH 3a pH 9b 
4. 77 4. 77 
9.12 7.30 
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Sensitivity 
pH 38 
5.24 
1. 96 
exponent, a 
pH 9b 
5.24 
2.54 
Table 24. SUllllDary of Toxicity Model Parameters of 2,4-DNP 
Half-toxicity-reduction ozonation 
time, K (min) 
Substrate 
Acetic acid 
Phenol 
alncubated for 561 hr 
blncubated for 579 hr 
clncubated for 764 hr 
dlncubated for 788 hr 
pH 3 pH 9 
108 
Sensitivity exponent, a 
pH 3 
2.ooa 
2.05b 
pH 9 
IV. CONCLUSIONS 
The results of this study conducted on four phenolic compounds, phenol, 
o-cresol, 2,5-DCP, and 2,4-DNP have shown that the anaerobic 
biodegradability of refractory compounds may be improved if sufficient 
oxidation is induced by ozone. Ozonation products formed with 60 - 83% COD 
reduction were well biodegradable to methane. Results obtained with o-
cresol demonstrated that biodegradability of the ozonation products was 
strongly dependent on pH values at which ozonation reactions occurred. Yith 
the same COD reduction or ozone dose, the ozonation products of o-cresol 
formed in the basic pH range were more biodegradable than those formed in 
the acid pH range. 
Ozonation reduced the toxicity of 2,5-DCP and 2,4-DNP on both acetate 
utilization and phenol degradation. The reduction in toxicity to acetate 
utilization was faster than to phenol degradation with the same ozone dose. 
Although ozonation products of 2,5-DCP and 2,4-DNP formed at pH 3 were more 
inhibito·ry than those formed at pH 9, the relative toxicity of these 
products was not significantly affected by pH during ozonation. However, the 
early ozonation products of phenol and o-cresol were more inhibitory and 
toxic to both phenol degradation and acetate utilization than phenol and o-
cresol. Early ozonation products of o-cresol formed at pH 9 inhibited 
phenol degradation while only slight inhibition was observed for acetate 
utilization. 
The evidence of this study suggests that ozone assisted anaerobic 
109 
biological treatment of refractory phenolic compounds is attainable only 
if a substantial reduction in COD is first achieved by ozonation. The high 
cost of ozone may render ozone pretreatment of these materials economically 
unfeasible if energy recovered in the form of methane gas is not 
appreciable. However, low doses of ozone may significantly reduce the 
toxicity of certain phenolic compounds to anaerobic biological processes as 
indicated by the results of 2,S·DCP and 2,4-DNP. Furthermore, the findings 
of this study are based on an unacclimated methanogenic culture. Since 
microorganisms usually are able to adapt to some extent to most inhibitory 
compounds, further study may be needed to assess the acclimation potential 
of methanonenic cultures to early ozonation products. 
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NOMENCLATURE 
a: Sensitivity exponent, dimensionless 
D: Ozonation time, min 
K: Half-toxicity-reduction ozonation time, min 
T: Relative toxicity to methane production, dimensionless 
v: Total volume of methane produced from sample, mL 
V: Total volume of methane produced from control, mL 
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Table Al. Change of pH during Ozonation of Phenol 
pH 
Ozonation 200 mg/L 600 mg/L 600 mg/L * 600 mg/L 1000 mg/L 
(min) (BMP) (BMP) (BMP) (ATA) (BMP) 
0 7.05 7.00 3.20 8.78 7.00 
1 3.86 4.23 4.21 
3 3.65 3.67 3 .13 8.74 3.50 
5 3.43 3.21 3.09 8.72 3.33 
10 3,25 3.08 3.06 8.69 3.04 
20 3.16 3.01 3.04 8.62 2.87 
30 3.11 2.91 2.98 8.54 2.81 
40 3.04 2.87 2.71 
60 2.91 2.84 2.94 8.37 2.64 
90 2.86 2.77 2.84 8.27 2.57 
120 2.86 2.67 2.55 
180 2.87 2.54 2.50 
240 2.45 2.37 
300 2.32 
*Buffered with 0.02M boric acid and 0.02M sodium borate 
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Table A2. Change of pH during Ozonation of o-Cresol 
pH 
* * 1000 mg/L Ozonation 200 mg/L 600 mg/L 600 mg/L 600 mg/L 600 mg/L 600 mg/L 
(min) (BMP) (BMP) (BMP) (BMP) (ATA) (ATA) (BMP) 
0 7.00 7.00 2.87 8.94 2.91 8.99 7.05 
l 4.03 3.40 2.81 8.72 4.23 
3 3.60 3.10 2. 77 8.71 2.91 8.76 3.21 
5 3.41 2.90 2.75 8.69 2.82 8.74 3.04 
10 3.25 2.65 2.74 8.81 2.81 8.66 2.87 
20 3.08 2.50 2.71 8.52 2.76 8.61 2.87 
30 2.96 2.30 2.64 8.45 2. 72 8.59 2.88 
40 2.84 2.10 2.57 8.42 2.87 
60 2.78 2.10 2.49 8.37 2. 72 8.49 2.72 
90 2.68 2.05 2.49 8.27 2.58 8.44 2.71 
120 2.49 8.25 2.60 
180 2.48 8.25 
240 2.46 8.25 
*Buffered with 0.02M boric acid and 0.02M sodium borate 
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Table A3. Change of pH during Ozonation of 2,5-DCP 
Ozonation 
(min) 
0 
1 
3 
5 
10 
20 
30 
40 
60 
90 
120 
180 
240 
100 mg/L 
(BMP) 
6.78 
3.11 
2.99 
2.93 
2.87 
2.86 
2.86 
600 mg/L 
(BMP) 
2.98 
2.82 
2.64 
2.54 
2.37 
2.30 
2.28 
2.27 
2.25 
2.23 
2.22 
2.20 
2.20 
pH 
* 600 mg/L 
(BMP) 
8.96 
8.84 
8.81 
8;78 
8.71 
8.60 
8.54 
8.49 
8.47 
8.52 
8.47 
8.47 
8.45 
600 mg/L 
(ATA) 
3.13 
3.13 
2.93 
2.84 
2.82 
2.76 
2.69 
*Buffered with 0.02M boric acid and 0.02M sodium borate 
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* 600 mg/L 
(ATA) 
8.88 
8.79 
8.78 
8.69 
8.67 
8.61 
8.56 
8.54 
Table A4. Change of pH during Ozonation of 2,4-DNP 
pH 
Ozonation 100 mg/L 600 mg/L * 600 mg/L 
(min) (BMP) (ATA) (ATA) 
0 3.55 3.51 8.45 
5 3.25 3.12 8.40 
10 2.97 8.38 
20 2.98 2.93 8.38 
30 2.95 8.38 
40 2.93 
60 2.89 2.95 8.34 
90 2.87 2.95 8.26 
120 2.82 
*Buffered with 0.02M boric acid and 0.02M sodium borate 
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